The power conversion efficiencies of organic solar cells fabricated with Ag and Ti nanoparticle arrays using nanosphere lithography are studied. The Ag nanoparticle array exhibits a broad absorption spectrum peaked at 420 nm, which spectrally overlaps with the absorption band of the organic absorbing layer centered at 520 nm, while no peak presented for the Ti nanoparticle array. Power conversion efficiencies by the solar cells with Ag and Ti nanoparticle arrays are 2.42% and 1.68%, respectively. This efficiency improvement is proposed to originate from the strong surface plasmon resonant scattering of visible light by Ag nanoparticle arrays. © 2007 American Vacuum Society. ͓DOI: 10.1116/1.2806959͔
INTRODUCTION
Thin film solar cell technologies offer advantages such as low material and fabrication costs comparing to conventional bulk silicon solar cell technology. 1 However, thin film solar cells suffer low power conversion efficiency due to the insufficient light capture by the thin absorbing layer. This problem is especially severe for organic thin film solar cells due to its extremely short exciton diffusion length ͑commonly in the range of 10 nm͒. Therefore, proposals such as increasing light absorbing length by employing materials with high exciton diffusion lengths 2 or by introducing nanoparticles to enhance light scattering within the cell 3 have been demonstrated. In this article, we use metallic nanoparticles located at the solar cell surface, which exhibit strongly scattering of the incident light when the frequency of the incident photon matches the surface plasmon ͑SP͒ resonance of the metallic nanoparticles. This phenomenon offers another possible solution to enhance the light absorption in the extremely thin film solar cells. Specifically, surface plasmons are collective oscillations of the conduction electrons that occur when the metallic structures are optically excited at their resonance frequency. The SP resonance frequency for noble metals such as Au or Ag occurs in the ultraviolet to visible region and shifts to longer wavelength with increasing particle sizes. 4 A carefully designed size distribution of metallic nanoparticles with different surface plasmon resonance frequencies can lead to enhanced light absorbing or scattering for the whole solar spectrum and open some opportunity for new concepts of solar cell design. 5 There are varieties of ways to synthesize metallic nanoparticles, including electron-beam lithography 6 and focused ion beam milling. 7 However, nanosphere lithography ͑NSL͒ has proved to be an inexpensive method to fabricate nanometer-scale metallic structures. 8 The size of metal nanoparticles synthesized using nanosphere lithography is controlled by the size of the nanosphere and the thickness of the deposited metal layer. NSL has been demonstrated to be an effective method to synthesize size-tunable noble metal nanoparticles in the submicron range. In this study, Ag nanoparticle arrays are fabricated using NSL and the surface plasmon resonance is chosen to be within the visible region of the optical spectrum. Organic thin film solar cells fabricated with Ag nanoparticle arrays are also demonstrated. Effects of plasmonic scattering caused by the Ag nanoparticles are proposed to be responsible for the enhancement of the power conversion efficiency of the solar cell with Ag nanoparticles.
EXPERIMENTAL
Silica nanospheres with diameter of 1.6 m are received as a 2 wt % suspension in water ͑Duke Scientific, Inc.͒. Nanosphere lithography is used to disperse the silica nanospheres, which is similar to the method described in Ref. 9 . The surface morphology and size of the metal nanoparticles are investigated with an optical microscope and atomic force microscope ͑AFM͒. The absorption spectra in the wavelength range of 350-800 nm are obtained by a Hitachi U4100 spectrophotometer. Current-voltage ͑J-V͒ characteristics of the solar cell devices are measured using a sourcemeter under the AM1.5G-filtered irradiation ͑100 mW/ cm 2 ͒ 150 W solar simulator. The spectra-mismatch factor of the simulated solar irradiance is corrected by using a Schottky visible-color glass-filtered Si diode, recently reported by Shrotriya et al. 10 The schematic illustration of the solar cell fabrication procedures is shown in Fig. 1 . The devices are fabricated on indium tin oxide ͑ITO͒ covered glass substrates. First, an ITO layer is patterned and etched using a standard lithography process and the anode of the device is fabricated before a͒ Author to whom correspondence should be addressed; electronic mail: ychang6@mail.ncku.edu.tw the subsequent NSL process. A monolayer of nanospheres is subsequently formed on the glass side of the substrate ͓Fig. 1͑a͔͒ and these silica nanospheres form a close-packed hexagonal two-dimensional lattice, which is observed in the optical microscopy image shown in Fig. 2͑a͒ . The close-packed nanosphere lattice serves as a shadow mask and a 100 nm of Ag layer is deposited by thermal evaporation ͓Fig. 1͑b͔͒. After the metal deposition, silica nanospheres are removed with an ultrasonic process ͓Fig. 1͑c͔͒ leaving an array of Ag nanoparticles, shown in Fig. 2͑b͒ . Another 200 nm plasmaenhanced chemical vapor deposition grown SiO 2 layer is subsequently deposited on top of the nanoparticles to protect the array of metal nanoparticles ͓Fig. 1͑d͔͒. The growth temperature of the SiO 2 layer is 300°C. An array of triangular metal nanoparticles is observed from the top view of a tapping-mode AFM image, shown in Fig. 2͑c͒ . The length of the side of the triangle nanoparticles is about 800 nm and the height of the individual nanoparticle is about 100 nm, which is determined from the topology AFM image shown in Fig.  2͑d͒ .
Organic solar cells are subsequently fabricated on the prepatterned ITO side of the substrate. The anode is comprised of ITO with a spin-coated poly͑3,4-ethylenedioxythiophene͒ poly͑styrenesulfonate͒ ͑PEDOT:PSS͒ layer ͑Baytron P, Bayer AG, Germany͒. Calcium ͑Ca͒ ͑40 nm͒ and aluminum ͑Al͒ ͑100 nm͒ are thermally deposited onto the surface of the poly͑3-hexylthiophene͒:͓6,6͔-phenyl-C61-butyric acid methyl ester ͑P3HT:PCBM͒ film inside a vacuum chamber ͑10 −6 torr͒ to form the device cathode. All the procedures are implemented inside a nitrogen-filled glovebox except for casting the PEDOT:PSS layer. The active area of the device is 0.06 cm 2 . Regioregular P3HT ͑98.5% electronic grade, Rieke Metals, Inc.͒ is first blended with PCBM ͑Nano-C͒ and then dissolved in dichlorobenzene to yield a P3HT:PCBM ͑17: 17 mg/ ml͒ solution. The active layer is obtained by spin coating the solution at 800 rpm for 60 s. After the spin-coating process, the studied samples are then transferred to the Petri glass dishes and maintained wet for 20 min to ensure that the drying of the films is in the slowgrowth process. Finally, the films are thermally annealed at 110°C for 10 min.
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RESULTS AND DISCUSSION
The absorption spectrum for the organic P3HT:PCBM layer exhibits a broad absorption peak centered at 520 nm, which is shown in Fig. 3͑a͒ 
where N A is the area density, a is the radius of the nanoparticle, m is the dielectric constant of the surrounding medium, is the wavelength, and r and i are the real and imaginary parts of the Ag dielectric function. The dash line in Fig. 3͑b͒ is the theoretical absorption spectrum for the Ag nanoparticles, which exhibits a peak at 355 nm. The absorption spectrum for the Ag nanoparticle arrays fabricated using 1.6 m of nanospheres on top of a glass substrate is shown as the solid line in Fig. 3͑b͒ , which exhibits an absorption peak at 420 nm. This peak corresponds to the localized surface plasmon resonance wavelength for the Ag nanoparticles, which is slightly redshifted compared to the theoretical value and is due to the bigger size of Ag nanoparticles in this study. It is observed that a significant portion of the absorption band of the P3HT:PCBM layer spectrally overlaps with the surface plasmon resonance of the Ag nanoparticles. This indicates that the organic solar cell underneath is able to absorb most of the incident light scattered by the surface plasmon. A titanium ͑Ti͒ nanoparticle array was also fabricated using the same method in order to distinguish effects of plasmonic scattering from conventional scattering. The absorption spectrum of the Ti nanoparticle array does not exhibit any surface plasmon resonance between spectral wavelengths of 350 and 800 nm, shown in Fig. 3͑c͒ . Therefore, no plasmonic scattering is possible in the visible range of the optical spectrum. The current voltage ͑J-V͒ characteristics of the organic polymer solar cell are shown in Fig. 4 . For the solar cell that is fabricated with Ag nanoparticles, the short-circuit current density ͑J sc ͒ is 7.56 mA/ cm 2 and the open-circuit voltage ͑V oc ͒ is 0.56 V. The fill factor ͑FF͒ is 0.57 with a power conversion efficiency ͑͒ of 2.42%. As a comparison, the J-V characteristics for the solar cell that is fabricated with Ti nanoparticles are also presented in Fig. 4 with a similar V oc of 0.56 V and fill factor of 0.58. The device fabricated with Ti nanoparticles has a lower J sc of 5.17 mA/ cm 2 and a lower power conversion efficiency of 1.68%. These photovoltaic parameters for both cells are summarized in Table I . The variations of V oc and fill factor are smaller than 2%, which indicates that these two devices exhibit similar electric properties. Therefore, variations in the power conversion efficiency should be due to perturbations of the incident light by the surface plasmon resonant scattering ͑SPRS͒ of the Ag nanoparticles. The higher power conversion efficiency from the solar cell with Ag nanoparticle arrays compared to that with Ti nanoparticle arrays indicates that the SPRS is responsible for the enhancement.
CONCLUSIONS
In conclusion, organic solar cells fabricated with a Ag nanoparticle array exhibit a higher power conversion efficiency. The absorption spectrum of the Ag nanoparticle array fabricated by nanosphere lithography exhibits an absorption peak around 420 nm and significantly overlaps with the absorption band of the organic absorbing layer of the solar cell. The power conversion efficiency of the solar cell with strong SPRS in the visible region caused by the Ag nanoparticles is 2.42%, which is higher than the device without SPRS by Ti nanoparticles ͑1.68%͒. This efficiency improvement is already significant and can be further optimized by tuning the size of the Ag nanoparticles. In addition, the overall efficiency can also be increased with the improvement of the organic thin film solar cell since the Ag nanoparticle array is fabricated prior to the organic solar cell fabrication. A more detailed understanding of the plasmonic effects can lead to a further step in the development of the next generation of solar cell technologies. 
